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CONVERSION FACTORS

For readers who may prefer to use metric units rather than inch-pound units, the
conversion factors for the terms in this report are listed below:

Multiply By To obtain

acre 0.4047 hectare

acre-foot (acre-ft) 0.001233 cubic hectometer
foot (ft) 0.3048 meter

foot per day (ft/d) 0.3048 meter per day

foot per mile (ft/mi) 0.1894 meter per kilometer
cubic foot per day (ft 3 /d) 0.02832 cubic meter per day
cubic foot per second (ft 3 /s) 0.02832 cubic meter per second
gallon per minute (gal/min) 0.06309 liter per second
inch (in) 25.4 millimeter

inch per year (in/yr) 25.4 millimeter per year
mile (mi) 1.609 kilometer

square mile (mi?9 2.590 square kilometer

National Geodetic Vertical Datum of 1929 (NGVD of 1929): A geodetic datum derived
from a general adjustment of the first-order level nets of both the United States and
Canada, formerly called mean sea level. NGVD of 1929 is referred to as sea level in
this report.




APPRAISAL OF THE WATER RESOURCES OF THE EASTERN
PART OF THE TULARE AQUIFER, BEADLE, HAND,

AND SPINK COUNTIES, SOUTH DAKOTA

By Logan K. Kuiper

ABSTRACT

A system of glacial outwash aquifers lie in the central James Valley in east-
central South Dakota. Within this system, the eastern part of the Tulare aquifer, which
has an area of approximately 681 square miles, was simulated by means of a numerical
ground-water flow model.

The model estimates the yearly average recharge rate for that part of the aquifer
lying west of the James River to be approximately 23,000 acre-feet per year. The
estimated 1978 yearly average irrigation pumpage rate was 9,800 acre-feet per year. It
is expected that, since pumping will reduce discharge from the aquifer through
evapotranspiration and flow to the James River, this part of the aquifer would be able
to supply irrigation water at recent pumpage rates for an indefinite period. For that
part of the aquifer lying east of the river, estimated recharge is 6,800 acre-feet per
year. The estimated 1978 yearly average irrigation pumpage rate was 7,200 acre-feet
per year. It is estimated that this part of the aquifer would be able to supply irrigation
water at 7,200 acre-feet per year for approximately 50 years, at which time excessive
drawdown would begin to cause reduced well yields at several locations.

INTRODUCTION

A system of glacial outwash aquifers used for irrigation lie in the central James
valley in east-central South Dakota (fig. 1). The partially water-table glacial outwash
aquifer of this study, the eastern part of the Tulare aquifer, is approximately outlined
in figure 2 by aquifer model areas A and B.

Agriculture is the major economic base of the study area as it is for most of
eastern South Dakota. The soil is for the most part very fertile. The principal
restraining factor upon crop production is rainfall which averages only about 18.8 in/yr.
The irrigation which is practiced in the area commonly doubles the yield of many crops.

The purpose of this study is to attempt to predict the ability of the aquifer to
supply water for irrigation in the future. The main tool used for this purpose is a
numerical ground-water flow model. Certain other methods will be mentioned which
give less ambitious but useful predictions.

WATER USE

Irrigation use in the study area is presently at least 10 times larger than all
municipal and domestic use. Thus the effects of all pumping except that of irrigation
have been ignored in the aquifer model of this study. Irrigation use has increased
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Figure l.--Location of study area in east-central South Dakota.









A reliable delineation of the aquifer of this study is difficult to obtain because of
the glacial processes that deposited the outwash making up the aquifer. Because the
channels in the bedrock surface sometimes contain outwash, they further complicate
the aquifer geometry. Certain areas were test drilled with a large density of wells,
perhaps as many as 20 drill holes in a one-fourth square mile area, usually as part of a
test program to find a suitable location for an irrigation well. The analysis of such
high-density data shows that transmissivity can in some places change by orders of
magnitude within a horizontal distance of less than one-half mile. Furthermore, within
an area of less than one-fourth square mile, the aquifer can be a water-table aquifer at
several locations and confined at several others. In one part of the area the aquifer
may be separated by several till layers, at another part of the area have no till breaks,
but at still another site within the area be totally absent.

The application of the aquifer model was made difficult by the heterogenity of
the aquifer. The aquifer model requires the altitude of the top and bottom of the
aquifer in each of the model nodes, which were chosen to be the 681 1-mi? sections in
figure 2. For each of these 1-mi® nodes, the altitude of the top of the aquifer was
chosen to be the average of the aquifer top altitudes from the drill hole data. The same
procedure was used for the bottom altitude. Frequently, several different vertically
spaced aquifer units, interspaced with low-permeability materials, are present. In this
case, the top surface of the uppermost aquifer unit was used for the node's aquifer top
altitude and the bottom surface of the lowermost aquifer for the node's aquifer bottom
altitude. This procedure would seem to exaggerate the transmissivity of the aquifer in
the model, because the thickness of the single aquifer in the model is greater than the
total thickness of the aquifer units actually present. This thickness increase can be
compensated, however, by reducing the value of the hydraulic conductivity for the
node. However, the procedure may cause the aquifer model to give inaccurate results
locally because, as the water level declines, it would give the same specific yield and
hydraulic conductivity to the interspaced low-permeability materials as to the aquifer
materials.

The average altitude of the bedrock beneath the aquifer is approximately 1,190 ft.
From existing drill-hole data, the highest bedrock altitude is 1,309 ft and the lowest
845 ft. The average altitude of ground surface is approximately 1,290 ft, giving an
average thickness of approximately 100 ft for the surficial deposits. The highest ground
surface altitude is 1,304 ft and the lowest 1,235 ft. The average total thickness of the
aquifer units is approximately 35 ft and the maximum total thickness from drill-hole
data is 173 ft.

The ground surface is very flat. West of the James River, the ground surface
slopes approximately northeast toward the James River with an average slope of
approximately 7.3 ft/mi. Many of the 1-mi® sections show less than 10 ft of relief.
Those that contain small streams or one of the numerous small ponds or marshy areas
commonly show more relief. The James River flood plain is typically from 0.1 to 0.3 mi
wide, and is flanked by hills that are approximately 25 to 40 ft high.

The water carried in streams in the study area is primarily surface runoff.
Stream base flow originating in the study area is very small. Even the James River has
a base flow from the aquifer below or in proximity with it which is too small to be
measured. The result of this is that without irrigation, the hydrology of the aquifer is
simply one of recharge in certain locations, movement of the water downgradient
horizontally through the aquifer, and then upward movement through the overburden,
whereupon evapotranspiration and a small amount of flow to streams occurs. The



movement of water is from high ground-surface altitude areas, which are probably
small depressions, to areas of low ground-surface altitude. These areas of low ground-
surface altitude are typically areas adjacent to streams, ponds, or marshy areas. The
James River flood plain alone probably receives approximately 20 to 30 percent of the
total amount of water evapotranspirated and nearly all of the water discharged to
streams. When irrigation effects are considered, some of the recharge water is routed
to pumping wells instead of going to low areas for natural discharge. However, the
James River flood plain still continues to receive water. It is assumed that drawdown is
not sufficient to cause the river to become a source for irrigation water as is
sometimes the case with other stream-aquifer systems.

THE AQUIFER MODEL

A generalized conceptualization of the total hydraulic system is depicted in
figure 3. Note that the aquifer is only a part of this total system. The model of the
aquifer, the main subject of this report, thus simulates only a part of the total
hydrologic system. The mathematical procedure in the model used to simulate the
aquifer is described by Trescott, Pinder, and Larson (1976), and is based upon the Darcy
flow law for the movement of water in porous media and the conservation of the water
passing into and out of each of the 1-mi® nodes of the aquifer model. The Trescott,
Pinder, and Larson (1976) model was used with several alterations in data output
formats. The model uses the implicit finite-difference approximation to the ground-
water flow equation. A sparse matrix inversion method known as the strongly implicit
procedure was used to solve the approximating equations.

The variables P, E|, E5, R, r, D, I, and F are defined briefly by the explanation in
figure 3. They are defined more rigorously by their association with the various water
flow routes of figure 3. P is the total amount of precipitation that falls into the dashed
box. Strictly speaking, it is all water passing into that part of the dashed box which is
above ground surface. If water comes from I or P but evaporates before it touches the
ground, or passes into the overburden but evapotranspires before reaching the aquifer,
it is labeled E;. Water lost from the box which has come from the aquifer up through
the overburden and then evapotranspired is denoted by E;. Water going into the stream
from the overburden but which has not come from the aquifer is small and included in r.
Note that r, which is mostly surface runoff, passes into the stream before leaving the
box. Thus ideally the box should intersect surface-water drainage divides at land
surface. It is assumed that the flow of water from the box and through the overburden
is very small and can be ignored. Aquifer water that discharges through the stream
bottom and becomes part of the streamflow is labeled D. Flow I is irrigation water
pumped from the aquifer. For the sake of being complete, one could also include the
small additional amount of water that is removed from the aquifer for other purposes
such as domestic supply. Flow F is water from the aquifer which is leaving the box and
going into an adjacent aquifer.

The basic budgetary equation for the aquifer is:
1=R-(F)-(D+E) @ (1)
For model area A, when I is zero, equation (1) becomes

0.0 = 0.8 - (~0.1) - (0.9) (in/yr).
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When I is not zero, equation (1) becomes
0.3 = 0.8 - (-0.1) - (0.6) (in/yr).

For the routing of precipitation and irrigation water into runoffr, evapo-
transpiration E|, or recharge R:

P+I=r+E[+R w?/m. (2)
For area A, when I is zero, equation (2) becomes
18.8+0.0=0.5+17.5+0.8 (in/yr).
Wﬁen I is not zero, equation (2) becomes
188+0.3=0.5+17.8+0.8 (in/yr).

For model area B: P, R, and r are the same but F is 0.0 in/yr; and (D + E5) is 0.8 in/yr
when I = 0 and 0.0 in/fyr when I = 0.8 in/yr. These numerical equations express flow in
inches of water per year. When multiplied by the area of the aquifer, they give the
amount of water flowing in an average one-year period. Precipitation P is obtained
from recorded data and is an average for many years of record, as is runoff r, which is
obtained from data on streamflow (r + D), and using D<<r. Irrigation I is known and in
the equations above corresponds to the application rate in the area of the aquifer during
the year 1978. Recharge R, F, and (D + Ez) of (1) are all obtained from steady-state
model solutions to be discussed later, and could have appreciable error. Using this
value for R, (2) can be used to find E;. Note that R is the same with irrigation as
without.

Conservation of water in the box gives:
P=r+E+F+(D+Ey (w>/m. (3)

None of these equations consider the storage of water and thus apply to steady-state
situations only. Nevertheless, they should illuminate considerably the basic mechanisms
of the total hydrologic system as depicted by figure 3. AppendicesI and Il give
considerably more information on the budgetary details of this system. The notation
used in the appendices is somewhat more elaborate; equations (1), (2), and (3) above
correspond to equations (4), (5), and (6) in appendix 1.

For time varying situations (1) becomes
1=R-(F)-(D+Ey -4S/At w3rm. (4)

where 4 S/At denotes the time rate of change of the amount of water in storage. In the
aquifer model of Trescott, Pinder, and Larson (1976), recharge rate Rj, at node i, was
assumed to vary with season and i, but to be independent of all other factors (4R is zero
in appendices I and II). Discharge to streamflow (D); from the aquifer in node i varies
linearly with the hydraulic head hj, and is zero when h; is equal to the elevation of the
stream in the node. (D); is negative when h; is below the stream elevation.
Evapotranspiration from node i, (Ez)p also varies linearly with the hydraulic head h; at
node i but is zero when h; is a distance b; or greater below land surface. The model
determines the terms F, D + E; =£(D + E5);, and 4S/at in aquifer budget equation (4),



as well as the hydraulic head hj at each node i. The other terms in (4), I =ZI; and
R =ZR;, are parameters for the numerical solution carried out by the model. The I; are
taken from irrigation data and are thus known functions of time. Parameters of the
numerical solution which are not known completely are: The R; which are time
dependent, the quantities b;, the rate of increase of (D + Ej); with h;, the hydraulic
conductivities k;, and also either or both of the specific yield (S,); or storage
coefficient S; at each node i. These parameters are adjusted to calibrate the model.

Except for nodes along the James River, discharge to streamflow (D); was
assumed to be zero. All the nodes along the river have an evapotranspxratnon (E2)
greater than zero, even when the aquifer is stressed by irrigation pumpage Wthh
usually occurs at some distance from the river. Because of this situation, the aquifer
model cannot distinguish between (D); and (Ej); for the nodes along the river so that
only the lumped value (D + Ej); is determined.

Model Calibration

Calibration is that process by which a model is altered and the parameters of the
model adjusted so that it can best simulate certain variables of a physical system. In
this study, these variables were the hydraulic heads h; at those nodes i of the aquifer
model where observation-well data existed. In model areas A and B of figure 2, 108 and
58 nodes respectively had measured observation well data for h;, usually as a function
of time. Aquifer discharge D to streamflow, present as measured data in many studies
and of considerable value to the calibration procedure, was too small to measure in this
study. Estimates of evaporation E, from increased crop yield are very inaccurate and
therefore of limited use for improving calibration.

Figure 3 was taken as a suitable conceptualization of the total hydrologic system.
The budgetary equations (1)-(4), as well as those in the appendices, were used as an
additional framework or conceptualization of the total hydrologic system. In addition,
the recharge rate R; into node i was assumed to be independent of all factors except
time and node number i. (S,); and S; were assumed to be the same for alli. The
locations along the aquifer perimeter where F was allowed to be non-zero are shown in
figure 2 adjacent to the constant head symbol v. As mentioned previously, discharge to
streamflow D was assumed to be zero for all streams except the James River.

The aquifer was modeled as two areas (see fig. 2), called model areas A and B, for
the convenience of data output. Certain nodes along the James River where the two
model areas join were shared by both model areas A and B. At these nodes, values for
hydraulic head h calculated were approximately the same for the two model areas. This
head match was accomplished by choosing the same b; and rates of increase of
(D + E9); with hj, at the river nodes where the model areas join.

The major part of the calibration consisted of varying the parameters R;(t)
where t denotes time, bj, the rate of increase of (D + E5), with hy, k; , (S,);, and S;, in
such a manner that the goodness of fit of the hydrauhc heads h(t) produceé
dependent variables by the model, with the measured hydraulic heads h(t) was
maximized. For steady-state calibration, corresponding to steady-state flow, w1th R,
constant in time and [; = 0, this was done by adjusting the above parameters such that
the standard error of estimate

N 2
Serr ZW‘“‘“)/Z ) (5)

i=1 i=1



was minimized. The summation in (5) is over those nodes having a measured hydraulic
head h only. N was 108 and 58 for model areas A and B respectively, Wthh were
cahbrated separately. The w; are weights and were given the value 1.0 when h was
considered to be completely rehable, and 0.5 when less than completely reliable. Txme-
dependent calibrations, with R; and I; functions of time t, were done by matching h; (t)
with f; i(t) at time intervals 4t equal to (365/12) days and 365 days. During each time
interval 4t, R;(t) and I;(t) # 0 were equal to their time averaged constant values.

The parameter estimation procedure described above is in effect a trial-and-error
adjustment of the parameters so as to increase the goodness of fit of, in this case, h; (t)
with fi; i(t). In the general trial-and-error approach, the modeler contmually adjusts the
parameters on the basis of a variety of notions or possible misconceptions that he has
about the aquifer. Consequently, the trial-and-error approach is in general very
subjective. Steady-state calibrations thh I = 0, using pre-irrigation ﬁi data, are poor
because if R;, the rate of increase of (D + )i wn:h h;, and k;, are all multiplied by the
same factor, the model gives the same h;. it present, 1rr1gat10n effects are still in an
early stage and equilibrium, if p0551ble, is still many years away thus steady-state
calibrations are not possible with I # 0 because there is no data for é Time-dependent
calibrations tend to be heavily involved with the selection of (S ) S;» and the time
dependence of R; (t), at the expense of the estimation of thé other parameters.
Nevertheless, it is the author's belief that a fairly reasonable calibration has been
achieved considering the difficult circumstances.

Model Input

Certain inputs into the model are known from measurement. These are: Land
surface altitude and the altitude of the top and bottom of the aquifer, irrigation
pumpage I;(t), and the measured hydraulic heads fij(t) at each node i.

Figures 4 and 5 show land surface altitude in feet, above a datum of 1,000 ft
above sea level, for aquifer model areas A and B. Figures 6 and 7 show aquifer top
altitude, again above a datum of 1,000 ft above sea level. Figures 8 and 9 show aquifer
bottom altitude. As explained previously, aquifer top and bottom altitudes, for a
particular node, were obtained by taking the average of aquifer top and bottom
altitudes from drill hole data in that node. When a node did not have any drill hole
data, aquifer top and bottom altitudes were extrapolated from nearby nodes having such
data. Figures 10 and 11 show the thickness of the aquifer. The row and column node
numbers are along the left and top of each figure. Land surface elevations, figures 4
and 5, are used by the aquifer model to determine the evapotranspiration (Ez) from
each node i. (Ez) varies linearly with hydraulic head h; and is zero when h; is at a
distance b; or greater below land surface. In some cases, a large low-lying land surface
over part of a node has sufficient area to allow significant amounts of evapotranspira-
tion (Ej);, but the aquifer top elevation for the node, perhaps obtained from data at a
high altltude point within the node, is at an altitude that is above this land surface. For
such a node, the aquifer top elevation, figures 6 and 7, would be at a higher altitude
than the land surface elevation in figures 4 and 5. A few nodes in the model have low-
lying land surface areas for evapotranspiration but, according to available drill-hole
data, both the aquifer top and bottom are above the altltude of this land surface. This
situation is shown in figure 12, which depicts a single 1-mi® node from a side view. In
the model, when h; shown was greater than the aquifer bottom elevation, the
transmissivity of the node was set equal to the hydraulic conductivity of the node k;
multiplied by the saturated thickness in the usual manner. However, when h; fell below
the aquifer bottom elevation, the transmissivity was not set to zero but was instead set

10
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! | ! | il [ S
R. 66 W. R.65 W. R. 64 W. R. 63 W. R. 62 W, R. 6! W.

G 1 2 3 4 5 6 MILES

OV N G S S|
01 23 45 6 KILOMETERS

Figure 4.--Altitude of land surface in model area A.
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98°20° Column node numbers  10* 93°
1|2345678910111213141516171819
jm—————- lm———— 1
2 1303 302 301 299 288! | |
[}
3 1301 297 299 {296 285)
] I
2 4 1298 293 293|283 290!
a 1 i
E 5 1299 296 292|282 290 T.
E ; . 117
%; 6 1301 301 290 (280 290! N.
c ] '--|
z 7 1303 297 294|280 283 290 |
o 1 i
8 1297 301 295 (273 284 288
L i
9 1288 296 270 (290 290 295 |
\ - —
10 1290 291 269|294 294 298 340,
' R s
11 1296 294 278296 295 297 1 T.
: ! 116
12 1298 280 289 (292 292 291 N.
Ocny | ! | -+
W50" 5 1294 280 283|290 293 300!
- ]
14 1254 260 293 278|283 285 307!
[ ]
15 1252 294 292 290 (292 282,
i I
16 1255 286 292 292(294 278! Model boundary
T e e -
17 1250 284 293 290|285 288 295 307 325 340360, T.
' et 115
18 1250 284 291 290|292 293 303 316 333 350|350 370 375 375 N.
e
19 1250 280 287 296 (293 295 302 316 333 355|360 375!
L.t Hhaaeaaa
20 1250 287 294 (300 301 307 317 330 355
t 1
21 1250 285 295|300 300 309 314 331!
" - EXPLANATION
22 1250 285 296|302 298 308 311!
=t ! 360 LAND-SURFACE
23 1250 280 287 291{296 299 307 3171 ALTITUDE--In feet.| T,
' e e e e Datum is 1,000 feet [114
0, e 24 1250 280 288 290 above sea level.  _| N.
44%40' <11 gl
25 1250 288 291
1 . |
26 1250 278 2882981
i ' — t
R. 62 W. R. 61 W. R. 60 W.
0 1 2 3 4 5 6 MILES
} T II l‘ T lI T 4 1 —
01 2 3 4 5 6 KILOMETERS

Figure 5.--Altitude of land surface in model area B.
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”‘:00' Column node numbers 0 . 93°10*
:l2JB56789IOlllZlJlkIISISNlSl9202|222320252627282930313233
3 13 N
£ 2 1289 290 261!L
3 ' ==
; 3 1270 285 305 292|261
H 1
g 4 1300 303 283 312 {238 Tl
o v e Mode! boundar: 116
% 5 1300 299 287 269|271 271 274 257 © v N.
B e .
wos0r & !'m 296 252 323 264 287 278 (264 272 275 254 259 275 |25 ) /
—_ ———— S A, T
7 1276 277 278 (200 320 282 300 284 268 |265 205 285 263 243 294 (270 258 2u6)
T
3 :325 322 319 286 282 287 280 [272 272 303 282 307 267 (264 265 277 275 253 270 |263 258 2581
| i
9 1326|310 312 301 296 297 290 (280 283 298 315 288 276 261 272 279 273 271 29 (274 251 240
rm———— I
101328 328 3311263 300 305 308 307 267 [278 200 288 320 273 292|276 276 27% 267 272 263 253 221 230) T.
15
]
11:317 317 326341 310 314 317 321 273|281 294 297 265 301 290 (276 275 270 200 277 275 {261 244 2108: N.
[
1
12 1317 318|305 275 286 323 281 275|305 303 268 293 306 291|276 275 241 280 274 282 (269 259 243,
| | N
—-a .
13 :300 290 305 332 325 290 270 (292 289 270 330 307 303{308 276 287 284 275 275|271 260 248 250:
14 310 330 331 310 295 290 (272 292 265 290 287 297|280 235 282 283 27% 270 [278 269 256 250 )
)
15 302 339 330 315 307 269 (268 286 265 275 286 291 (282 260 282 282 274 265 [286 282 275 2651
—_—
16 336 330 324 314 287 245 (263 281 278 260 272 291 (275 285 283 200 285 280 [284 286 283} T.
1
]
%0 17 350 335 319 314 308 308 |284 280 306 262 274 288 1313 255 271 280 278 284 {281 283 281 N.
L 1=
===
18 365 335 310 315 313 300 [278 252 269 284 273 262|268 279 285 285 280 263 |252 272 269 282)
)
19 365 325 279 316 320 293 {270 326 287 265 200 311 (265 309 290 290 280 268 (274 287 266 235
i
-
20 1315 (290 340 340 340 291 1310 297 267 205 259 |326 260 282 280 280 281 [284 276 275 27,
] ] o = - 1]
21 1365 {342 339 337 307 3201 [310 287 788 264 240 263|262 33 323 277 287 303 273 275 276 263!
e e e A S,
22 1365|346 348 3u6 332 3221 {330 29 280 275 271 310|285 300 300 264 250 230 [260 265 268 250 217 240 T.
S [ S 113
¥ in ]
23 1360 332 325} 1275 271 271 280 (296 262 277 211 230 260 291 274 255 268 250 244 N.
- N I A
2 1331 327!} Lno 284 (288 311 265 244 250 254 [257 260 260 261 255 248
] —— -9 I,
25 1336 327 321 1290 [280 260 251 278 276 272 271 250 257 255 247 243 247 250,
i IS
26 1301 290 260 275 285 278 271 P67 260 248 259 252 247 [251 255 zu}
EXPLANATION | [
27 1312|307 303 298 293 280 270 262 267 273 255 253 248 (236 226 226}
340 TOP OF AQUIFER . ---
oL 28 ALTITUDE--In feet. 1312 {307 303 298 293 274 255 237 235 233 250 250 251 [262 236 236 236,
430" — Datum is 1,000 feet L | ) 12
29 above sea level. 125% 256 257 260 230 183 190 198 {257 240 240 251: N.
| SRR Y SO —— | W
30 1:237 230 [252 249 238 230 238
)
31 i272 272255 250 249 230 230;
32 255 255 255 220 190 T.
-------- - h 1
33 1220 2001 N.
| ! | Lo '
R. 66 W. R, 65 W. R. 64 W. R. 63 W. R.62 W, R.6! W
0 1 2 3 4 5 6 MILES

01234 5 6 KILOMETERS

Figure 6.--Altitude of top of aquifer in model area A.
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93°20" Column node numbers 10 98°
1 2 3 4 5 6 7 g8 9 10 11 12 13 14 15 16 17 18 19

‘ |mm————— hon banheniientiiond ] | I
2 1263 263 245|233 zso:
1
| ]
3 1265 265 270274 2601
|
£y 1268 268 265|272 267!
0 } I
£ s 1284 200 263|270 272] T.
c I | 117
%; 6 1284 280 280|275 2741 N.
c I T
3 7 1285 285 280 (275 275 264
e l |
8 1285 285 280|274 245 276
9 1250 253 257|265 275 281}
' Lo
10 1251 253 257|270 279 305 3311
] v
11 1260 265 257|221 214 280 T.
! : 116
12 1277 292 290|260 290 285
Oggr | [ ! 1
44300 5 1273 275 278|268 258 265!
1==- |
14 | 246 234 255 272|273 275 276
1
I
15 1258 250 251 266|276 285
: : Mode!l boundary
16 | 240 249 248 249|250 210!
I el -—1/
17 1230 237 244 250|255 253 268 280 287 293|295 T.
————————— 115
[}
18 1248 242 245 246|260 280 278 285 288 292|295 317 340 328j N.
S
19 | 248 248 260 2821275 280 285 290 296 300|300 317i
L, I —
20 1250 259 273|277 282 277 272 300 323
+ 1
21 1250 249 265|279 274 269 264 259!
: e EXPLANATION
22 1265 265 258|268 273 270 266!
= d ! 280 TOP OF AQUIFER
23 | 283 280 278 276|274 273 271 269 ALTITUDE--In feet. | T,
Y ! Datum is 1,000 feet {14
w40 241 i_zsl 279 283 287 above sea level. | N,
-
25 1282 279 276
1 ="
26 1285 275 265|260!
1 | 1
T T T
R. 62 W. R. 61 W. R. 60 W.
0 1 2 3 4% 5 6 MILES
IL T |T l' T JT T L 1 !
01 23 & 56 KILOMETERS

Figure 7.--Altitude of top of aquifer in model area B.
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(.}
98%0° Column node numbers » . 80
wl 2 3 4] 5 6 7 & 9 10|11 12 13 1& 13 16} 17 18 19 20 21 22|23 2v 25 26 27 28{29 30 31 32 33
§ Fepmes
£ 2 1282 273 7
2 I L--l—q
s 3 1260 244 260 233 [281)
1 ]
E 4 1275 264 264 260202} A
] ] bomm -
@ s 1232 282 260 224 (241 269 260 2281 Model boundary N.
O30 6 T253 (278 220 269 234 246 249 |23 267 258 223 221 247 [216)
ot ———— | SO T
7 1231 235 240|200 266 245 270 247 261|243 200 270 229 187 270 [261 220 200!
d
T
s 1292|283 275 205 222 235 235 [230 257 283 238 249 250213 195 20 230 239 255|237 225 2231
i
9 1252|250 250 222 229 236 220 [240 239 246 220 233 2v6 |18 220 246 266 253 192 (270 237 220)
p_———— ]
101230 230 273|218 230 230 256 238 151(225 200 224 275 228 226217 241 240 251 250 220 (235 216 210 T.
15
(]
111200 200 261|181 220 240 307 126 142|266 260 261 213 238 228/220 230 230 200 248 249 237 227 225! N,
-
12 1250 299|262 211 215 203 18 223160 250 198 263 260 225185 240 208 250 210 250 [239 225 2101L
. LI -
13 1280(258 270 287 150 220 200 (130 197 214 222 235 223|130 223 251 250 225 238 |26 220 213 200,
14 287 116 285 260 230 173 (227 193 230 200 235 224|207 28 217 232 225 229 (224 230 215 220
)
15 300 316 290 260 297 235|236 232 221 222 251 233 (230 226 228 229 22¢ 230 (221 227 223 2201
-_—d
]
16 298 267 237 276 269 233|238 262 221 215 148 225|244 235 238 200 229 215 (202 265 191 .
) 14
w0 343 300 257 277 272 270|247 230 261 213 197 229|261 246 233 235 229 228250 247 2301
——-
18 355 325 295 288 270 262 (217 212 237 197 198 200|245 237 235 230 226 213 (217 238 259 234
1
19 355 300 266 311 235 255|145 317 251 170 200 239|161 220 270 230 217 194 (210 231 236 255
. H
P 1278|280 311 309 307 257 1285 255 245 168 187 251 148 192 215 228 236|224 235 250 213
] ] - - - H
21 1277|295 318 325 319 300}  |260 250 262 231 200 250 (197 312 303 253 280 288 [263 23 238 247
! ! Lo
22 1287257 302 302 300 3001 {278 270 270 235 236 300(232 291 250 220 240 227 243 240 242 219 202 222 T.
4l [ N 13
=1
23 1300 300 300, 1270 260 269 268|267 255 206 184 220 250 {262 260 155 189 200 205 N.
Lo ] [ S,
) 1295 282! 1275 270|268 209 220 220 240 244 |48 231 210 130 180 188
] - L.
hi F-=--°1
25 '310 299 295 1279|270 245 232 260 266 262 263 250 210 185 200 220 (225 2304
i i
2% 1277|270 260 235 265 275 260 |240 225 225 197 216 216 |230 247 204
EXPLANATION ' ,
27 1275|274 272 271 276 255 237|220 213 208 234 224 216 (210 205 2051
280 BOTTOM OF ! ——
ol 28 AQUIFER 1302|297 293 288 283 267 235 (205 207 190 215 216 217 |20 212 212 212) T.
"o — ALTITUDE--In feet. [ ! 40
29 Datum is 1,000 feet 247 1244 242 (240 210 163 163 163 217 (205 220 245 ! N.
above sea level. L_-_-_--__----_-_' L-_I
E%) 1229 205|214 200 182 230 200
] 1
31 1219 269 (247 218 199 228 200!
H
32 250 235 220 200 153! T.
-------- Q ! 1
33 | l | 1200 175) N.
R. 66 W. R. 65 W. R. 64 W. R. 63 W. R. 62 W. R. 61 W.
0 1 2 3 & 5 6 MILES
0123 %3 6 KILOMETERS

Figure 8.--Altitude of bottom of aquifer in model area A.
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98°20* Column node numbers 10* 98°
1|2345678910111213141516171819
_____________ 1
2 1230 200 200{175 200! |
1
3 1220 200 205|210 2201
]
2 4 1205 205 215|220 230
Q | 1
E s 1257 200 228|213 195|
c 1 1
L6 1257 245 230|217 230!
[o]
e ===
5 7 1253 253 240|227 201 197 4
] !
<4
8 1250 250 245(237 216 183!
9 1240 242 244|234 214 204
, L
10 1184 210 240|225 215 250 284
—— el
11 Ezso 250 235[164 200 2274
|
12 1244 287 250|235 216 220,
Ocny | ' 1 i
9505 1243 235 231|226 222 250!
1-=- !
14 1200 194 205 215(220 235 274!
T
15 1225 214 200 203|206 227
: : Model boundary
16 1220 207 195 194 (192 191 |
| b o e = - “4==1
17 1210 200 190 200200 191 198 207 240 280 285!
e A SO
18 1225 220 219 217 {205 180 200 223 241 259 (277 307 333 304,
!
Fo-lo
19 1210 203 200 192{186 205 225 240 256 275|290 307!
I N .
1 r
20 1200 183 196|200 219 230 245 290 316
T T
21 1220 204 204|214 210 205 200 163!
: i EXPLANATION
22 1220 214 201|208 217 215 2141
o ! 230 BOTTOM OF
23 1191 232 225 218221 224 226 228 AQUIFER
. oI IC ALTITUDE--In feet.
4Oy 24 1230 213 225 237 Datum is 1,000 feet |
4 T L above sea level.
25 1234 236 238
| 1
26 1255 247 2402301 .
H
T L]
R. 62 W. R. 61 W. R. 60 W.
0O I 2 3 & 5 6 MILES
IL L] ll ll L] ll T L L !
01 23 4 56 KILOMETERS

Figure 9.--Altitude of bottom of aquifer in model area B.
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93°10'

93%0" Column node numbers I”' Z?'
21 2 3 4 5 6 7 8 9 10p11 12 13 14 15 16} 17 18 19 20 21 22|23 24 25 26 27 28|29 30 31 32 33
g \al |
] V72 1
2 1 t-—f-4
g 3 110 41 €5 59| 204
2 H 1
> 4 125 39 19 52| 36! T-s
] [ [ S 11
Nl
“ s 68 17 47 us| 30 2 1u 29 Model boundary N.
r=4----- | lbeaaa- .
w0 6 128) 18 32 54 30 41 29030 5 17 29 38 28] 381 /
———— ————a +
7 145 42 38 0 5% 37 30 37 7|20 5 I3 36 61 24(29 38 46!
1
T
8 :33 39 44 81 60 52 45|42 1S 20 4u S8 17( 49 70 37 25 14 15[ 26 33 33
1
[}
9 174160 62 79 67 61 70|40 24 52 95 35 30|77 52 33 7 U8 57| 4 I 20,
- [
101 98 98 58] 45 70 73 52 €9 36(33 0 64 45 43 66|39 35 34 16 22 43|18 5 20| T.
115
1
14117 117 830160 90 74 10 195 131| 15 3% 36 52 63 62|56 45 40 0 29 26| 24 17 23 N.
L.
12 167 19] 63 64 71120 97 52(1s3 53 70 28 46 66|91 35 33 30 64 32)30 3 38
——n [Rp—_—
13 24032 35 45135 70 704162 92 56 108 72 80128 53 36 3k 50 37|43 40 35 50}
14 23216 46 70 65 117145 99 35 90 52 73|73 U7 65 51 49 4if5s 39 41 30!
1
15 2 23 40 55 10 34|32 54 44 53 35 58| 52 34 54 53 50 35[65 55 32 451
—-
16 38 63 87 38 18 10125 39 57 45 124 66[ 31 S50 45 0 56 65|82 21 92| T.
14
[}
s !7 5035 62 37 36 38|37 50 45 49 77 59|52 11 38 45 49 363t 36 Sl N.
-—— T
18 10 10 15 27 43 38161 40 32 8 75 62|23 42 50 55 54 55|35 34 10 48}
]
19 10 25 13 5 85 38125 9 36 95 0 72{106 8 20 60 63 74|64 56 30 30|
P - r 4
20 137010 29 31 33 30! 125 42 22 37 72)75 112 90 65 52 45|60 4l 25 ™
1 i +-- 1
21 Vs w7 21 12 28 201 50 37 26 33 40 35065 24 20 24 7 13{10 41 38 16]
1 R 1 N Aty
22 1 58] 49 e w32 221 52 20 10 40 35 10[ 53 9 50 24 10 3|17 25 26 3 A5 18 T.
S SRR, ! N, 13
23 140 32 25, Vosouozoazf29 7 7t 27 10 10029 34100 79 50 39 N.
- 1 -
1 —_——
2 HETENH 5 1420 62 45 24 10 10{ 9 29 50 & 75 60
: -- -9 —==oq
25 124 28 2 PIL] 10 1S 19 18 10 10| 8 0 47 70 47 2322 204
" T
2 sl 20 0 20 20 3 11]27 35 23 62 36 3|2t 8 7y
EXPLANATION 1 !
27 13733 31 27 23 25 33|42 54 65 21 29 32|26 21 21§
90 THICKNESS OF b -
o 28 AQUIFER--In feet. 11010 10 10 10 7 20|32 28 43 35 34 34| 42 24 24 24, T.
44%30' — | I g f ] T2
29 |7 10713 20 20 20 27 35|40 35 20 6! N.
L [y
] 1
30 ] 8 2538 49 356 0 38
| 1
31 153 3/ 8 32 50 2 2|
H
32 5 20 35 20 37! T.
e B 1 11
33 | 20 251 N.
| | | LI a
R. 66 %. R. 65 W. R. 64 W. R.63 W, R. 62 W. R. 61 W
0 3 4 5 6 MILES
01 23 45 6 KILOMETERS

Figure 10.--Thickness of aquifer in model area A.
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98°20° Column node numbers 10 98°
1 ‘2 3 4 5 6 7 8 9 10 Il 12 13 14 15 le 17 18 19
jm— o ———— |
2 133 63 45|58 50| |
1 ]
3 145 65 65|64 401
oy 63 63 50| 52 37|
o |
el ! I
£ 5 D27 35|57 77! T.
< | | 117
§ 6 127 35 50|58 44) N.
e | """-l
3 7 132 32 40| 48 74 684
[o] 1 ]
a4 i |
8 135 35 35|37 29 93,
9 10 11 13|31 el 77!
l ——
10 67 43 17|45 64 55 u_i
i =
1l 110 15 22| 57 14 534 T.
| ! 116
12 V3305 40| 25 74 65, N.
Ocny 1 | | -
450" 130 40 47|42 36 15,
[ Dt {
14 46 40 50 57| 53 40 2!
] ]
15 13336 51 63| 70 58
i : Model boundary
16 | 20 42 53 55| 58 19)
L e e e e e i |
17 120 37 54 50| 55 62 70 73 47 13| 104 T.
[ R 1 115
18 123 22 26 29| 55100 78 62 47 33| 18 10 7 241 N.
[} ===
19 1 38 45 60 90| 89 75 60 50 40 25| 10 10!
| Ep— F—————
20 150 76 77|77 63 47 27 10 7
21 130 45 61|65 64 64 64 96!
! - EXPLANATION
22 145 51 57| 60 56 55 521
- ! 60 THICKNESS OF
23 b 92 48 53 58| 53 49 45 bl AQUIFER--In feet. | T,
I O ettt 114
I
400 241 3 5_1_' 66 58 50 41N
25 g 43 38
| = ="
26 1 30 28 25| 30!
f ' — %
R. 62 W R. 61 W R. 60 W.
0 L 2 3 4 5 6 MILES
1 1 1 i i 1 1
| T T T T
01 23 4 56 KILOMETERS

Figure 11.--Thickness of aquifer in model area B.
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Figure 12.--Model node.
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equal to the hydraulic conductivity of the node k; multiplied by a thickness of 1.0 ft.
This prescription for calculating the transmissivity of the nodes may seem somewhat
arbitrary, but it should be remembered that the sediments beneath the aquifers do not
have zero hydraulic conductivity but rather a non-zero value much lower than the
aquifers. Quite likely at depths below the aquifer bottom elevation, one or more
additional aquifers may be present. The transmissivity for the node shown in figure 12
will be calculated as 1.0 ft times the hydraulic conductivity k; for the node. This will
give a small value for the transmissivity and will thus properly restrict the flow of
water from adjacent nodes before discharging as discharge to streamflow D and
evapotranspiration E;.

Figures 13 and 14 show the reported quantity of water pumped for irrigation I;
during the year 1978. Actual use may have been somewhat larger since, as in other
years, not all the irrigators responded to the questionnaires which were sent to them.
All'hydraulic head data used were for the year 1978 or earlier, Figures 15 and 16 show
hij, i=1, Nfor N=108 and N =58, respectively. These h; are time averages of
hydraulic head for times prior to the onset of irrigation, when available, but in some
cases are time averages of more recent hydraulic head data. Note that some of the
nodes along the James River are predominant as sinks for the flow of water, and that
the gradient of i can be quite large near the river. Observation-well data for 1968-78,
an ll-year period of nearly average total rainfall, show that the hydraulic head
decreased as much as 2 to 5 ft in some areas of the southeastern part of aquifer area A
and the northern part of aquifer area B. In other areas of the aquifer, where
observation-well data for 1968-78 was available, hydraulic head usually declined by
smaller amounts. These declines are very small compared with the change that occurs
in the hydraulic head as one moves horizontally across the aquifer. The h; in figures 15
and 16 were used for steady-state calibration with I; = 0, the R; constant in time and
equal to average yearly recharge rate into node i, and the use of the standard error of
estimate in equation (5).

Model Results

Calibration gave estimates for the parameters Rj(t), bj, the rate of increase of
(D + Ep); with hj, ki, (Sy)i’ and S;, at each node i.

Figures 17 and 18 give the best estimates of the parameters R;, as determined by
all of the calibration used, both steady-state and time-dependent. The recharge rate
values shown are in units of 0.1 in/yr and represent yearly recharge rate for an average
year. For years of heavy rainfall, recharge increases substantially. In years of drought
it may be nearly zero. Figures 19 and 20 give the best estimates for the parameters k;
in units of ft/d, again as determined by both steady-state and time-dependent
calibration. The best estimate values for b; were from 12 to 22 ft. During time-
dependent calibration, the (Sy)i and S; were varied but were not allowed to vary with i.
This would have been necessary if one had tried to simulate the monthly time
dependence of each hj(t). This was not done, however, so that only a best estimate for
a single S,, and S was obtained. For aquifer areas A and B, these best estimates were
0.20 and 0.008, and 0.20 and 0.012, respectively.

The remainder of this section presents results produced by the aquifer model using

the measured inputs and parameter estimations given above, as well as additional
parameter estimations related to the time-dependence of Ri(t).
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98%0

3 & 5 6
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Column node numbers
9 o1 12 13

14

15 i7 18 19 2
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2
|
23 24 25 26 277

28

93°10"
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Row node numbers
A
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-

=
[l
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1
'
|

TTTTTTTA

Mode! boundary

116
N.

772 154

234

157

241

205

113 101

11e

164

74

Pt e R P

113
N.

165 214

348

g 115

167 152

21
22
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25
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1o 92
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119 222
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215

1
|
|

67

388 232

14

45

180 131

136

163 16l

2
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28
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31

147

EXPLANATION

IRRIGATION
PUMPAGE--In
acre-feet.

omm————t

¥
I
-+

S |

289

[ e ]

68

uo

163 163

32

33

. 66 W.

R.65 W.

R. 64 W.

0
0

1
1

R. 63 W.
2 3 4 5
2 3 4 5 6 KILOMETERS

6 MILES

R. 62 W.

Figure 13.--Reported irrigation pumpage for 1978 in model area A.
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Row node numbers

44°50"

44%40"

1
2

3

10
11

12

14
15
16
17
18
19
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21
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25

26

98°20" Column node numbers 10° 98°
|2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
e e | l
1 1
1 |
I |
I I
I 185 88|
| I
L 154 226 ! T.
| ! 117
[ 1 N.
|
! 220 129 380 )
|
I 238 |
176 141 !
! i
I 33 ]
: =
| 212 | T.
! : 116
. 30 465 | N.
] I 4
T |
i 70,
-- i
! |
i )
1 |
| 66 10,
! |
Model bound
: 116 143 10| )e oundary
b e ] --3
! 175 26 48 48 | T.
| b 115
! 26 100 1691 N.
! r———-
: 212|159 136 655 311
| A r._...___l
L 175 176 37 151
t T
' 164 74 !
! S EXPLANATION
! 169 !
_J I 48 IRRIGATION
r 206 ! PUMPAGE--In T,
I e e e - J acre-feet. 114
| AN,
1
: -
i |
1 ] % {
R. 62 W. R. 61 W. R. 60 W.
6 1 2 3 4% 2 6 MLES
| T T T T T
012345 6 KILOMETERS
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Figure 14.--Reported irrigation pumpage for 1978 in mode!l area B.



98%40' Column node numbers 30' 2(}' 9810
Ll 2 3 4 5 6 7 8 9 101 12 13 whs 16]17 18 19 2 21 22|23 24 25 26 27 28|25 30 31 32 33
] T T
0 2 ]
£ | L
€ | i
o 3 1 266 24| |
o |
o 1
< 4 1284 273 276 | T.
2 [ Bt ) Model boundary 116
e 5 {290 287 272 ' N.
Pt b Lo -
w50 6 i e 290 292 282|271 265 277 261L |
r-=-- -===7
7 | 287 300 284 270 281 270 i
. 1
8 : 285 305 280 72 8|8 i
[} [}
9 ! 312 292 288 278 275 H
 afiadadadeded !
101 305 298 291 294 i T.
‘ ! 115
111365 336 331|323 302 301 301 300 265 : N.
| W,
,
12 315 316 309 299 276 |
la o | N
h]
13 ! 307 300 291 274 w |
¥
14 293 276 !
|
15 301 277 1
'.-_I
16 350 335 332 307 307 297 279 270 | T.
| 14
w7 290 284 281 277 ! N.
-
18 272 294 !
1
19 280 276 i
i
]
20 ! ! L300 300 293 279 J
i --- 1
21 | 343 i 2!
! ! P
22 | : 300 299 264 237 235 T.
e tobe——- 13
[} 1 1
23 | ' : 273 265 N.
[ ' R,
]
2 | ! H
i - R T U Y S .
25 1335 334 330 1315 (313 296 297 261 257 i
3 A
2 ! 260 261 254 232!
EXPLANATION ' i
27 : 262 256
307 HYDRAULIC-HEAD ! T
28 ALTITUDE--In feet. i 274 258 ' T.
44°30" — Datum is 1,000 feet | ) +112
29 above sea level. f ! N.
| S SV < CEE
30 ! |
H '
1
3 ! 252 !
32 : T.
-------- . H 11
33 ! ! N.
! ! | R S
R. 66 W. R. 65 W. R. 64 W. R. 63 W. R. 62 W. R.61 W

0 1 2 3 4 5 6 MILES
L e S e e
0123 4 5 6 KILOMETERS

Figure 15.--Steady-state potentiometric head from
observation-well data in model area A.
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98020' Column node numbers 10° 98°
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19
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Figure 16.--Steady-state potentiometric head from observation-well data in model area B.
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Figure 17.--Estimated recharge in model area A.
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Figure 18.--Estimated recharge in model area B.
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Figure 19.--Estimated hydraulic conductivity in model area A.
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Figure 20.--Estimated hydraulic conductivity in model area B.

28

























































imply that area A could supply irrigation water at a considerably higher rate than was
supplied in 1978, or in other recent years.

For area B, the irrigation pumpage rate I, for 1978, was approximately 7,200 acre-
feet per year. This is a higher rate than the 6,800 acre-feet per year obtained by the
model for the yearly average recharge rate, R. The model, furthermore, predicts an
outflow F from area B which cannot be reversed by irrigation pumpage. Also, with the
1978 placement of irrigation wells, the model predicts that drawdown in the hydraulic
head due to irrigation pumpage cannot reverse or stop the discharge of water to the
James River flood plain. It follows that the aquifer in area B is not expected to be able
to sustain irrigation pumpage rates as large as were supplied in the year 1978, or other
recent years. A time-varying model solution predicts that area B would be able to
supply a yearly average pumpage rate of 7,200 acre-feet per year for perhaps as long as
50 years. Some of the irrigation wells, however, would be expected to go dry during
this time period.

Area A, of figure 34, shows the hydraulic head that would be expected if 1978
irrigation pumpage rates were to be continued indefinitely. The average decline in the
hydraulic head shown, below the hydraulic head for no pumpage, is approximately
2.9 feet. Area B, of figure 34, shows the hydraulic head that would be expected if 1978
irrigation pumpage rates were to be continued for a period of 50 years. The average
decline in the hydraulic head shown, below the hydraulic head for no pumpage, is
approximately 13.5 feet. The 6 model nodes, that would be expected to go dry during
this 50-year period, are denoted by the symbol d in figure 34.

These results are approximate. The predictions for the yearly average recharge
rate R, 23,000 and 6,800 acre-feet per year, for model areas A and B, are of primary
importance, but are definitely subject to error due to the nature of the modeling
process.
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Appendix I
Steady-State Hydrologic Budget

An appropriate and generalized conceptualization, applicable to the total hydro-
logic system of this study, is shown in figure 3.

In a steady-state budget, storage water is insignificant and is not consjdered. The
variables of figure 3 may be thought of as being the amounts of water (L°) that flow
during an average one-year period. More precisely perhaps, they should be thought of
as the amounts of water that flow during a large time period. The hydrologic system
should be approximately in a state of equilibrium before the beginning of the period.
Irrigation practices, if any, should have begun many years before the beginning of the
period and be roughly the same each year, so that drawdowns have stabilized except for
yearly fluctuations and changes due to short periods of drought.

With no irrigation, I = 0, the water routing in figure 3 gives:
0=R-(D+F)-Ey (1)
and
P=r+E +R (2)

where the first equation follows from the conservation of water in the aquifer.
Combining (1) and (2) gives:

P=E +Ey+(r+D+F) (3)

Note that conservation of water in the dashed box of figure 3 gives (3) directly. When
the system with I = 0 is changed due to irrigation, the values of Ej, Ez, R, r, D, and F
change to E{ +4E|, E; +4E», R+4R, r+4r, D+4D, and F +Alé respectively. The
precipitation P, however, remains the same. Note that this notation is different than in
equations (1-3) in the text.

Equations (1), (2), and (3) thus become:

1=(R+4R) - (D +4D + F + AF) - (Ey +4E,) (4)
(P+D=(r+4r)+ (E] +4E)) + (R + 4R) (5)

and
P=(E; +4E|) +(Ey +4E)) +(r +4r + D+4D + F + 4F). (6)

Note that (6) does not contain I and, as does (3), follows directly from the conservation
of water in the dashed box.

Subtracting (1), (2), and (3) from (4), (5), and (6) gives:
(1-4R) = -(4D + AF +4E)) 7)

I=Ar +AE; + 4R (8)
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and
0=4E) +AE, + Ar + AD + AF. 9)

From (7), the net increase in water removed from the aquifer due to irrigation, I -4AR,
is equal to the decrease in water going to D, F, and E,.

For this study, the evapotranspiration increase 4E| in (8) is expected to be a
major portion of I. The increase in recharge, A R, is relatively small in comparison
with I, as is4dr. The quantity AEI/I almost certainly exceeds 0.5, but is less than 1.0.
Because the irrigation water is applied by sprinklers and usually during times of the
growing season when evapotranspiration is high, this quantity could very likely be
greater than even 0.95. 4 D, 4F, and AE; are in effect caused by the lowering of the
hydraulic head in the aquifer, due to the net increase in water removed from the
aquifer for irrigation, [-4R. Thus,4D,4F, and 4E; are negative.

Rearranging equation (4) gives:
I-AR:R-(D+AF+F+AF)—(E2+AE2). (10)

This basic equation states that the net amount of water removed from the aquifer for
irrigation (I - 4 R) is equal to aquifer recharge R less water lost from the aquifer due to
discharge to streamflow (D +4 D) less water lost from the aquifer due to evapotran-
spiration (E5 +4 Ej). It expresses the steady-state budget for the aquifer, and is found
by steady-state solutions of the numerical model. When there is no irrigationl, AR,
AE,, AD, and AF are zero.
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Appendix II
Time-Dependent Hydrologic Budget

Equation (10) of appendix I is modified for the time-dependent case by including
storage water:

(I-AR):R-(D+AD+F+AF)-(E2+AE2)—AS. (1)

This equation states that during some time interval At; the net amount of water
removed from the aquifer for irrigation (I -4 R) is equal to aquifer recharge R less
water lost from the aquifer due to discharge (D + AD) less water lost to an adjacent
aquifer (F +4F) less water lost from the aquifer due to evapotranspiration (E; +4E,)
less the change in the water in storage in the aquifer 4S. It expresses the time-
dependent budget for the aquifer, as is found by time-dependent solutions of the
numerical model. When there is no irrigation [, 4R, AE,, 4D, and AF are zero and 4 S
has a different value than when these quantities are not zero and irrigation is present.

Also, for the aquifer of this study the flow of water to an adjacent aquifer
(F + 4F) is fairly small compared with the other terms in (10) of appendix I. From the
steady-state equation (10) of appendix1 with (F +4F)=0, (I-AR)= R-(D+4D+
Ep +4E5). Because of the geometry of the aquifer and the placement of irrigation
wells in the aquifer, it probably is not possible to lower the hydraulic head sufficiently
that (D +AD + Ey +AE,) is decreased to zero, causing the total amount of recharge
water R to be available for irrigation, i.e. (I -AR)=R. It may happen that when
irrigation is at a maximum that water is still being lost from the aquifer by discharge to
streamflow and evapotranspiration, i.e. (D +4D +Ey +4E5)>0. In this case
(I-aR)=R-(D+4D +E +4E5) could be considerably less than R, thus diminishing
somewhat the importance of knowing R, and increasing the importance of understanding
D and Ej.
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